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The electrical and the optical properties of deep blue organic light-emitting devices
(OLED) utilizing a step emitting layer (SEL) consisting of 4,40-Bis(2,20-diphenyl-
ethen-1-yl)biphenyl (DPVBi) and 4,40-Bis(carbazol-9-yl)biphenyl (CBP) were inves-
tigated. The turn-on voltage of the OLEDs with a SEL was smaller than those of
the OLEDs with a CBP or a DPVBi emitting layer. While the efficiency of the
OLEDs with a SEL was very stable, regardless of variations in the applied voltage,
that of the OLEDs with a CBP or a DPVBi emitting layer varied with the applied
voltage. The dominant peak in the electroluminescence spectrum for the OLEDs
with a SEL appeared at 455 nm. The Commission Internationale de l’Eclairage
chromaticity (CIE) coordinates of the OLEDs with a SEL at 11 V were (0.160,
0.168), which is similar to the CIE coordinates of the CBP layer.
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I. INTRODUCTION

Recently, organic light-emitting diodes (OLEDs) have been parti-
cularly attractive because of the interest in promising applications
in promising next-generation full-color flat-panel displays because
they have the unique advantages of low driving voltage, low power
consumption, high color gamut, high contrast, and fast response
[1–4]. The potential applications of novel high-efficiency blue OLEDs
have driven extensive efforts to fabricate OLEDs with unique struc-
tures [5]. However, the blue OLEDs for practical utilization in full-
color flat-panel displays still have inherent several problems of low
efficiency, poor color purity, and short lifetime in comparison with
red or green OLEDs [6]. This has driven extensive efforts to overcome
these inherent problems, resulting in fabrication of the blue OLEDs
with high efficiency, good color stabilization, and long lifetime. OLEDs
with various structures were suggested for enhancing their efficiency
and the color stabilization [7–12]. Even though some works on enhanc-
ing the efficiency and color stability in blue OLEDs utilizing a doped
layer or a hole-blocking layer (HBL) have been performed to enhance
the balance of holes and electrons in an emitting layer (EML) [13–18],
the problems of the low efficiency, the poor-color purity, and the short
lifetime in the blue OLEDs have been remained. Therefore, systematic
studies on blue OLEDs utilizing a step emitting layer (SEL) without
exciton quenching effects are necessary for achieving high efficiency
and good color stability of these devices.

This article reports the electrical and the optical properties of blue
OLEDs with a SEL deposited by using organic molecular-beam depo-
sition (OMBD). Current density-voltage (J-V) measurements were per-
formed to investigate the electrical properties of the OLEDs with a
SEL consisting of 4,40-Bis(2,2-diphenyl-ethen-1-yl)biphenyl (DPVBi)
and 4,40-Bis(carbazol-9-yl)biphenyl (CBP), with a DPVBi single
EML, or with a CBP single EML. Luminance-voltage, efficiency-
current density, and electroluminescence (EL) measurements were
carried out to investigate the efficiency and the color stabilization of
OLEDs with three kinds of structures. The Commission Internatio-
nale de l’Eclairage (CIE) chromaticity coordinates corresponding to
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the emission colors for OLEDs with three kinds of structures were
determined to investigate the blue color stabilization. The electrical
and the optical properties of the OLEDs with a SEL were compared
with those of OLEDs with a DPVBi layer or a CBP layer.

II. EXPERIMENTAL DETAILS

The sheet resistivity and the thickness of the indium-tin-oxide (ITO)
thin films coated on glass substrates used in this study were 15 X= sq.
and 100 nm, respectively. The ITO substrates were cleaned using
ultrasonications in acetone, methanol, and distilled water at 60�C for
15 min and were rinsed in de-ionized water thoroughly. The chemi-
cally cleaned ITO substrates were kept for 48 h in isopropyl alcohol.
After the chemically cleaned ITO substrates had been dried by using
N2 gas with a purity of 99.9999%, the surfaces of the ITO substrates
were treated with an oxygen plasma for 2 min at an O2 pressure of
approximately 2� 10�2 Torr. The three kinds of samples used in this
study were deposited on ITO thin films coated on glass substrates by
using OMBD with tungsten effusion cells and shutters in a growth
chamber at a pressure of 5� 10�6 Torr and consisted of the following
structures from the top: an aluminum (Al) (100 nm) cathode electrode,
a lithium quinolate (Liq) (2 nm) electron injection layer (EIL), a tris(8-
hydroxyquinolate) aluminum (Alq3) (25 nm) electron transport layer
(ETL), a 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) (5 nm)
hole blocking layer HBL, various kinds of the EMLs, an N,N0-Bis(-
naphthalene-1-yl)-N,N0-bis(phenyl)-benzidine (NPB) (50 nm) HTL, an
ITO anode electrode, and a glass substrate. The EMLs consisted of a
4,40-Bis(2,20-diphenyl-ethen-1-yl)biphenyl (DPVBi) (30 nm), a 4,40-
Bis(carbazol-9-yl)biphenyl (CBP) (30 nm), or a DPVBi (15 nm)=CBP
(15 nm) SEL. After organic and metal depositions, the OLED devices
were encapsulated in a glove box with O2 and H2O concentrations
below 1 ppm. A desiccant material consisting of a barium-oxide powder
was used to absorb the residual moisture and oxygen in the encapsu-
lated device. The Liq layer, acting as an EIL, leads to a lower turn-on
voltage and a higher power efficiency [19]. The deposition rates of the
organic layers and the metal layers were approximately 0.1 and
0.15 nm=s, respectively, and the deposition rates were controlled by
using a quartz crystal monitor. The emitting area in the pixel was 3
� 3 mm2. The J-V characteristics of the OLEDs were measured on a
programmable electrometer with built-in current and voltage
measurement units (model SMU-236, Keithely). The brightness was
measured by using a brightness meter, chroma meter CS-100A (Min-
olta).
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III. RESULTS AND DISCUSSION

The schematic energy diagrams of the fabricated OLEDs of devices (a)
I, (b) II, and (c) III are shown in Figure 1. The conventional blue
OLEDs with a DPVBi or a CBP EML are shown in Figures 1(a) and
1(b), respectively, and the unique blue OLED with a DPVBi=CBP
SEL is shown in Figure 1(c). The highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) levels
of the NPB are �5.5 and �2.5 eV, as obtained by using cyclic voltamm-
erty, respectively [20], and the HOMO and the LUMO levels of the
CBP layer are �6.3 and �3.2 eV, respectively [21]. The HOMO and
the LUMO levels of the DPVBi layer are �5.9 and �2.8 eV, respect-
ively [22], and the corresponding levels of the BCP layer are �6.7
and �3.2 eV, respectively [23]. While the electrons are accumulated
in the DPVBi=CBP step layer due to the existence of the DPVBi
EML in device III, the holes are accumulated in the DPVBi=CBP step
layer due to the existence of the CBP EML in device III, resulting in an

FIGURE 1 Schematic energy band diagrams for the OLEDs of devices (a) I,
(b) II, and (c) III.
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increase in the number of electrons and holes at DPVBi=CBP hetero-
interfaces.

Figure 2 shows (a) the log scale current densities as functions of the
applied voltage (log J-log V), (b) the luminance as functions of the
applied voltage, and (c) the efficiencies as functions of the current den-
sity for the OLEDs with three structures. Filled rectangles, circles,
and triangles represent the OLEDs of devices I, II, and III, respect-
ively. The log J-log V characteristics show that the turn-on voltage
of the OLED with a SEL was smaller than those of the OLEDs with
a DPVBi or a CBP EML. The turn on voltage of the OLED with a
SEL decreased as much as 0.5 V in comparison with those of the
OLEDs with a DPVBi or a CBP EML, as determined from the log J-
log V curves. The decrease in the turn-on voltage of the OLED with
a SEL was attributed to the easy movement of the electrons and holes

FIGURE 2 (a) Log scale current densities as functions of the applied voltage,
(b) luminance as functions of the applied voltage, and (c) luminance efficien-
cies as functions of the current density for OLEDs with three structures. Filled
rectangles, circles, and triangles represent the OLEDs of devices I, II, and III,
respectively.
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toward the DPVBi=CBP heterointerfaces, resulting in the efficient
formation of the exciton recombination. While the electrons are accu-
mulated in the DPVBi=CBP step layer due to the existence of the
DPVBi EML in device III, as shown in the LUMO level of the
Figure 1(c), the holes are accumulated in the DPVBi=CBP step layer
due to the existence of the CBP EML in device III, as shown in the
HOMO level of the Figure 1(c), resulting in an increase in the number
of electrons and holes at DPVBi=CBP heterointerfaces.

While the log J-log V characteristics of device III show trap charge
limit current (TCLC) region and space charge limit current (SCLC)
region, those of devices I and II show only the TCLC region. If the
equation for the relationship between current (J) and voltage (V) at
the TCLC and the SCLC regions J ¼ 9

8 e0erl0
Vn

d3 is used [24], where,
e0 is the dielectric constant of vacuum, er is the dielectric constant of
organic material, m0 is the mobility of the device, V is the applied volt-
age, d is the device thickness, n can be fitted. The n values at SCLC
and TCLC regions, as determined from the log J-log V curves, are
shown in Figure 2(a). Because the high voltage region of device III cor-
responds to the SCLC region the electrons and the holes are highly
accumulated at the DPVBi=CBP heterointerfaces, resulting in exciton
recombination. The luminance as functions of the applied voltage
depict that the turn-on voltage of device III is smaller than those of
devices I and II, and that the luminescence of device III is higher than
those of devices I and II, as shown in Figure 2(b). Even though the
turn-on voltage of device III is low, the maximum luminance of device
III is almost same as that of device I and is as twice as that of device II,
indicative of high luminance and low turn-on voltage of device III.

The luminance efficiencies as functions of the current density for
devices I, II, and III are shown in Figure 2(c). Even though the
efficiency of device I is highest among three devices, the efficiency sig-
nificantly decreases with increasing current density. The dramatic
decrease in the luminance efficiency of device I is related to the creation
of the joule heating due to the nonradiative recombination process
resulting from the phonon scattering, resulting in a significant
decrease of the lifetime of device I. The decrease rates of the luminance
efficiencies in devices II and III are much smaller than that in device I.
In particular, the luminance efficiency of device III is almost constant,
regardless of the variation of the current density, indicative of the low-
est existence of the exciton quenching effect without annihilation effect.

Figure 3 shows the EL spectra at 11 V for devices I, II, and III. The
dominant peaks at 463, 450, and 455 nm for EL spectra of devices I, II,
and III appears, respectively, and the corresponding full width at
half maximum (FWHM) of the EL spectra are 68, 67, and 68 nm,
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respectively. The dominant peak for the EL spectrum of device III is
located between the luminescence peak of the DPVBi EML and the
CBP EML, which shifts to higher energy in comparison with that of
device I and shifts to lower energy in comparison with that of device
II. The luminescence peaks related to the DPVBi and the CBP layer
appears at device III, resulting in the extension of the emitting layer,
and a shoulder at 380 nm corresponding to the luminescence peak of
the BCP layer appears at devices II and III.

Figure 4 shows CIE coordinates at 11 V for OLEDs of devices I, II,
and III. The CIE coordinates of devices I, II, and III are (0.160,
0.203), (0.163, 0.164), and (0.160, 0.168), respectively. The CIE
chromaticity coordinates of device II and III is much closer to the blue
coordinates of the national television system committee standard
(0.140, 0.08) than that of device I. Since the blue emission spectrum
corresponding to the blue color for OLEDs with a CBP layer is deeper
than that with a DPVBi layer, the emission region of the OLEDs with
a SEL consisting of a DPVBi layer and a CBP layer is covered over the
DPVBi layer and the CBP layer. Furthermore, because the intensity of
the additional spectrum emitted form the DPVBi layer in the SEL
between the DPVBi layer and the CBP layer is lower, decreased the
color stability of device III with a SEL becomes enhanced.

FIGURE 3 Electroluminescence spectra at 11 V for OLEDs with three struc-
tures. Filled rectangles, circles, and triangles represent the OLEDs of devices
I, II, and III, respectively.
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IV. SUMMARY AND CONCLUSIONS

The electrical and the optical properties of OLEDs with a DPVBi EML,
a CBP EML, or a DPVBi=CBP SEL were investigated. The turn-on
voltage of the OLEDs with a SEL was smaller than those of the
OLEDs with a CBP or a DPVBi emitting layer. While the efficiency
of the OLEDs with a SEL was stable, regardless of the variation of
the applied voltage, that of the OLEDs with a DPVBi layer or a CBP
layer varied with applied voltage. The EL spectrum for the OLEDs
with a SEL showed a dominant EL peak corresponding to the

FIGURE 4 Commission Internationale de l’Eclairage (CIE) coordinates
at 11 V for the OLEDs with three structures. Filled rectangles, circles, and
triangles represent the OLEDs of devices I, II, and III, respectively. Empty
triangles indicate the CIE coordinates of the national television system
committee standard.
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deep-blue region. The CIE coordinates with a SEL at 11 V were (0.160,
0.168), indicative of a deep, stabilized blue color. These results indicate
that efficiency-stabilized blue OLEDs can be fabricated using a
DPVBi=CBP SEL.
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